ABSTRACT The cell nucleus must continually resist and respond to intercellular and intracellular mechanical forces to transduce mechanical signals and maintain proper genome organization and expression. Altered nuclear mechanics is associated with many human diseases, including heart disease, progeria, and cancer. Chromatin and nuclear envelope A-type lamin proteins are known to be key nuclear mechanical components perturbed in these diseases, but their distinct mechanical contributions are not known. Here we directly establish the separate roles of chromatin and lamin A/C and show that they determine two distinct mechanical regimes via micromanipulation of single isolated nuclei. Chromatin governs response to small extensions (<3 μm), and euchromatin/heterochromatin levels modulate the stiffness. In contrast, lamin A/C levels control nuclear strain stiffening at large extensions. These results can be understood through simulations of a polymeric shell and cross-linked polymer interior. Our results provide a framework for understanding the differential effects of chromatin and lamin A/C in cell nuclear mechanics and their alterations in disease.
INTRODUCTION
Nuclear mechanical response-the way in which the cell nucleus deforms and reacts to external forces-is essential to basic cell biological functions as diverse as migration, differentiation, and spatial ordering and regulation of genes (Butin-Israeli et al., 2012; Isermann and Lammerding, 2013) . Consequently a number of major human diseases exhibit perturbed nuclear mechanics. Experiments have shown that a meshwork of intermediate filaments composed of lamin protein just inside the nuclear envelope is a crucial mechanical component of the nucleus (Dahl et al., 2004; Lammerding et al., 2006; Ho et al., 2013; Swift et al., 2013) . Further experiments suggest that the chromatin that fills the nucleus acts as a viscoelastic component (Pajerowski et al., 2007; Mazumder et al., 2008; Furusawa et al., 2015; Schreiner et al., 2015) . However, the distinction between the roles of lamins and chromatin in nuclear mechanical response has not been resolved. Because both lamins and chromatin are altered in diseases with nuclear disruption (Bank and Gruenbaum, 2011; ButinIsraeli et al., 2012) , it is crucial to elucidate and disentangle their contributions to nuclear mechanics before their respective roles in disease processes can be understood.
A variety of human diseases are associated with aberrant cell nuclear mechanics and morphology. For instance, in laminopathies-diseases primarily caused by mutations in the LMNA gene (which codes lamin A and lamin C)-cell nuclei have altered mechanical strength and display nuclear blebs (Goldman et al., 2004; Dahl et al., 2006; Scaffidi and Misteli, 2006; Verstraeten et al., 2008; Swift et al., 2013; Zwerger et al., 2013; Booth et al., 2015) . Lamin mutations also cause or parallel many major diseases and conditions, including aging, heart disease, and muscular dystrophy. Intriguingly, chromatin is also altered in these situations, as exhibited by elevated levels of decondensed euchromatin and/or loss of peripheral compact heterochromatin (Sullivan et al., 1999; Shumaker et al., 2006; Taimen et al., 2009; Butin-Israeli et al., 2012; Swift et al., 2013; Booth et al., 2015) . Similarly, in many cancers, the levels of both lamins and euchromatin/heterochromatin are altered (Bank and Gruenbaum, 2011) . However, because the roles of these two speeds to physiological strains in a repeatable and reproducible manner to perform nuclear force-extension measurements. Our approach facilitates the study of the roles of specific molecules in nuclear mechanics. We identify for the first time the differential contributions of chromatin and lamin A/C to cell nuclear mechanical response. First, we find that the force response of the whole nucleus exhibits two deformation regimes. Then, by biochemically treating isolated nuclei with DNA-digesting enzymes, we demonstrate that chromatin is a major mechanical component that is required for maintaining nuclear morphology and resisting small deformations. Using physiologically relevant changes in histone modifications, we confirm that chromatin compaction determines the short-extension force response, whereas depletion of lamin A/C does not contribute significantly to this regime. Instead, we find that lamin A/C levels control the ability of cell nuclei to strain stiffen when subjected to large deformations. We thus propose a simple model for nuclear mechanical response in which chromatin and lamin A determine two different force response regimes of the nucleus, providing a framework for deducing their respective mechanical roles in cell functionality and human disease.
RESULTS

Individual microdissected nuclei stretched by micromanipulation exhibit strain stiffening
To measure the distinct contributions of chromatin and lamin A/C to nuclear mechanics, we developed a nucleus micromanipulation and force measurement technique. Our method was adapted from a microdissection and micromanipulation technique that has been used successfully to study the mechanics of mitotic chromosomes and the differential roles of proteins and DNA in these chromosomes (Poirier et al., 2000; Poirier and Marko, 2002; Kawamura et al., 2010; see Materials and Methods) . Briefly, a single nucleus is isolated from a living mammalian cell in cell culture medium by cytoskeletal disruption and lysis ( Figure 1A) ; this avoids harsh treatments, such as hypertonic swelling, shearing, and/or prolonged exposure to detergents used during bulk nuclei isolation procedures.
Once suspended between pipettes, the whole nucleus is then stretched by moving a "pull" pipette attached to one end of the nucleus while force is measured by the deflection of a calibrated "force" pipette attached to the opposite end ( Figure 1B ). The nucleus is stretched and relaxed at a physiologically relevant speed of 50 nm/s, which is within the range of typical nuclear movement (Luxton et al., 2010) and cell migration (Harris et al., 2012) . Similar to experiments with isolated chromosomes (Poirier et al., 2000; Poirier and Marko, 2002; Kawamura et al., 2010) , this facilitates repeated extension and reproducible nuclear mechanics measurements with no detectable change in the chromatin or lamin content, as shown by fluorescence images (Figure 1 ,C, D, and H, and Supplemental Figure S1 , G-I). Note that in this type of experiment, the strain is well controlled and nearly uniform across the whole nucleus, as opposed to aspiration experiments, in which there is large strain in the aspirated region and little strain in the nucleus region exterior to the aspirating pipette (Pajerowski et al., 2007; Vaziri and Mofrad, 2007) . Furthermore, this allows measurement of mechanical response of an individual nucleus before and after biochemical treatment (see following sections).
Using this technique, we find that the nucleus exhibits a clear two-regime mechanical response to strain. First, we probed short nuclear extensions of <3 µm (∼30% strain), which correspond to the typical small strains experienced by nuclei in vivo (Kaminski et al., 2014) . Nuclei extended short distances exhibit a linear force response ( Figure 1C ). We then extended nuclei greater distances (>3 µm) to probe the force response to the larger strains typically components have not been disentangled, the specific contributions of lamin A and chromatin to abnormal cell nuclear mechanics remain unclear.
Because the amount of lamin A correlates with both nuclear and tissue stiffness , experiments have primarily focused on lamin A as the main mechanical element. However, lamin A/C is not essential, and many cells have little or no lamin A/C (Butin-Israeli et al., 2012; Isermann and Lammerding, 2013) . Furthermore, depletion of lamin A/C results in only an ∼50% decrease in nuclear stiffness, which suggests that other nuclear mechanical components account for the remaining strength Pajerowski et al., 2007) .
Early experiments, which used nonphysiological salt conditions to swell or compact chromatin, indirectly showed that chromatin is also involved in nuclear mechanical response (Dahl et al., 2005; Pajerowski et al., 2007; Mazumder et al., 2008) . However, at physiological salt conditions, it was reported that chromatin merely flows when the nucleus is extended (Pajerowski et al., 2007) . Thus chromatin is usually considered a secondary or minor viscous component. More recent experiments showed that disruption of LINC complexes connecting chromatin to the nuclear periphery in yeast (Schreiner et al., 2015) and overexpression of HMGN5, a high-mobility chromatin protein, in mammals (Furusawa et al., 2015) enhance nuclear deformations in vivo. However, the physiologically relevant contribution of chromatin and its histone modification-mediated compaction (euchromatin/heterochromatin) to whole nuclear mechanics has not been established quantitatively in a direct manner.
Previous experiments exploring cell nuclear mechanics did not separate the contributions of chromatin and lamins to whole nuclear response to physiological strains and strain rates. Atomic force microscopy measures a localized, compressive force (Schape et al., 2009) , and micropipette aspiration experiments measure the mechanical response to a nonphysiological, sudden applied extensional stress to a small area. The latter, although widely used, typically produces large (>100%) and nonuniform strain (Vaziri and Mofrad, 2007) , resulting in irreversible nuclear deformations (Pajerowski et al., 2007) in which static and dynamic (viscoelastic flow) effects are mixed. Magnetic beads attached to proteins in the nuclear envelope interrogate pathway-specific responses to localized small (∼300 nm) deformations (Guilluy et al., 2014) . On the other hand, substrate-strain experiments stretch the entire nucleus, but force response measurements are confounded by the deformation and response of the whole cell (Caille et al., 1998) .
Although these methods have successfully measured viscoelastic properties of the nucleus and identified lamin A/C and, indirectly, chromatin as important mechanical elements, they have not established a clear distinction between their contributions to mechanics. An alternative and complementary technique is micromanipulation, which can probe uniform physiological extensions over both short and long length scales and precisely controlled strain rates. In addition, micromanipulation excels at differentiating the roles of mechanical components of micrometer-sized structures because it allows for repeatable force measurements coupled with simultaneous biochemical treatments. This technique has been successfully used to separate the mechanical contributions of DNA and proteins in isolated mitotic chromosomes (Poirier et al., 2000; Poirier and Marko, 2002; Kawamura et al., 2010) . Thus we tailored micromanipulation force measurement techniques to investigate the differential contributions of chromatin and lamin A/C in cell nuclear mechanics.
Here we report the use of our novel micromanipulation methods to isolate and gradually stretch individual cell nuclei at physiological intact cells. Initial spring constants for nuclei in vivo and isolated nuclei are similar for BJ5-ta, HeLa, and MEF V−/− cells ( Figure 1E ), consistent with previous findings (Dahl et al., 2005; Rowat et al., 2005) . Furthermore, comparison of the short-extension nuclear spring constant was similar for varied nucleus extractions methods in wild-type (WT) and V−/− MEFs, in which the latter does not require actin depolymerization for nucleus isolation ( Figure 1G ; see Materials and Methods). Although there may be active forces due to chromatin remodeling in vivo, the results suggest that these forces are secondary in mechanical response. We conclude that the mechanics of isolated nuclei are reasonably representative of the in vivo force response of the nucleus.
Chromatin dominates the small-strain force response regime
To determine the origins of the two regimes of nuclear mechanical response (to small and large deformations), we directly probed the role of chromatin by biochemically altering isolated nuclei from HeLa (human) or MEF V−/− (mouse) cells. We isolated and stretched nuclei up to ∼3 µm to obtain the nuclear spring constant for short extensions. After obtaining the native nuclear spring constant, we treated the nucleus with 10 mM MgCl 2 via a "spray" micropipette. The nucleus visibly shrank and the nuclear spring constant increased approximately threefold upon compaction by MgCl 2 (Figure 2 , A, B, and E), consistent with previous experiments (Pajerowski et al., 2007) . At 10-min posttreatment, after Mg 2+ ions diffused away into the experimental well, the nucleus returned to its native shape and spring constant (Figure 2 , B and E). To confirm directly the contribution of chromatin to this small strain response, we specifically induced chromatin stiffening via the DNA intercalator propidium iodide (PI; Vladescu et al., 2007; Banerjee et al., 2014) . Treatment of the nucleus with PI similarly stiffened the initial mechanical response approximately fourfold (1 µg/ml PI; Figure 2 , C-E). Pretreatment with the mild intercalator Hoechst also enhanced nuclear force resistance, although the effect was less than that of PI (Supplemental Figure S2, A and B) . In both experiments, nuclei stretched >3 µm still exhibited WT-like strain stiffening experienced in mechanically demanding tissue environments or during cell migration (Friedl et al., 2011; Wolf et al., 2013) . As the nuclei are extended further, they stiffen under strain, as shown by the larger nuclear spring constant for larger deformations (stiffening for extensions >3 µm; Figure 1D ). Strain stiffening was consistently observed as a 1.5-to 2.5-fold increase in the nuclear spring constant from short to long extensions for a variety of cells, indicating that this effect is not cell-type specific (human HeLa, human fibroblasts BJ5-ta, and mouse MEF vimentin null [MEF V−/−]; Figure 1F ; also see later discussion of Figures 3 and 4) .
Typically, we observe nuclear spring constants on the order of nanonewtons/micrometer, consistent with atomic force microscopy (Schape et al., 2009) and micropipette aspiration experiments (Dahl et al., 2005) . Although the nucleus exhibits hysteresis as it returns to rest length, after relaxation, successive stretches of the same nucleus do not alter nuclear force response to short and long extensions (Figure 1 , C, D, and H). This differs from recent experiments showing adaptation of mechanical linkages (nesprin) in the nuclear envelope (Guilluy et al., 2014) , but this is not surprising, considering the differences in scale of speeds (and time), lengths (and areas), and forces probed in our experiments. Finally, we note that our stretching experiments are quasistatic because we do not observe significant relaxation when the nucleus is held at maximal extension for several minutes (Supplemental Figure S1 , A-F), and stretching the nucleus at the slower speed of 15 nm/s produces a similar force response (Supplemental Figure S1J ). This suggests that "creep" effects observed in previous aspiration experiments are specific to that technique, which involves continuous hydrodynamic flow to distort nuclei (Rowat et al., 2006; Pajerowski et al., 2007; Vaziri and Mofrad, 2007) . Thus, by microdissection and micromanipulation, we can reliably perform repeated mechanical measurements on individual isolated nuclei and find an intriguing two-regime force response.
Nucleus isolation does not perturb mechanical response
To assess the in vivo relevance of our technique, we compared force measurements of isolated nuclei to those of nuclei remaining in FIGURE 1: Whole-nuclear force measurements of individual isolated nuclei are reproducible and exhibit strain stiffening. (A) HeLa nucleus isolated from a latrunculin A-treated cell (asterisk) via locally lysing with 0.05% Triton X-100. (B) Images of a representative HeLa experiment in which the "pull" pipette stretches the nucleus while the deflection of the calibrated "force" pipette measures force. Representative triplicate measurements for HeLa nuclei, showing (C) short and (D) long extensions and relaxations displaying two different linear regimes. Graphs of human BJ5-ta, HeLa, and mouse MEF vimentin-null (V−/−) cell nuclei (E) short-extension spring constants measured for in-cell (black) and isolated (gray) nuclei for short extensions of 3 µm and (F) relative change in the nuclear spring constants from short (<3 µm) to long (>3 µm) extensions of isolated nuclei. (G) MEF WT and V−/− short-extension nuclear spring constants after different isolation techniques. Note that V−/− nuclei can be isolated without actin depolymerization via latrunculin A. (H) Short-and long-extension nuclear spring constant averages for the first, second, and third successive extensions of the nucleus for both MEF V−/− and HeLa nuclei. Error bars denote SEM. n = 10-25. *p < 0.05.
although the long-extension spring constant decreased compared with WT ( Figure 2 , H and J). This response, in the absence of chromatin, suggests that another remaining nuclear component, such as lamin A/C (Supplemental Figure S2 , E-G), is responsible for nuclear resistance to large deformations. This suggests that the lamin shell is not a stiff cage but instead a flexible bag that is supported and shaped by the chromatin inside it. In turn, chromatin governs nuclear morphology and short-extension nuclear force response, with a moderate secondary role at long extensions.
Chromatin compaction and decompaction by alterations to histone modifications modulate nuclear mechanical response to short extensions
To decouple the mechanical contributions of chromatin from lamins in a physiologically relevant manner, we used drugs and knockdowns to control histone acetylation and methylation and thus chromatin compaction. Nuclei from MEF V −/− and HeLa cells were stretched 6 µm in order to measure both the short-and long-extension nuclear spring constants, with 3 µm (∼30% strain) providing a (Supplemental Figure S2 , A-C). Thus chromatin compaction or stiffening can enhance nuclear resistance to deformation, especially for small strains.
Having found that chromatin can bolster nuclear mechanical response for short deformations, we sought to determine whether chromatin is the dominant component of the response. To address this question, we used AluI restriction endonuclease and micrococcal nuclease (MNase) to digest chromatin by cutting at low and high frequency along chromatin, respectively. AluI, a 4-base pair blunt endonuclease, cuts chromatin every few kilobases, primarily between nucleosomes (Polach et al., 2000) . The nucleus is not visibly altered by 5 min of AluI treatment, but the nuclear spring constant decreases nearly 50% for small strains (Figure 2 , F, G, and I). Intriguingly, the spring constant is nearly unaltered for larger extensions (Supplemental Figure S2D ). On extensive chromatin digestion by 1 min of MNase treatment, nuclear morphology visibly changed and the ability of the nucleus to resist small deformations decreased drastically (Figure 2, F and H-J). Strikingly, the spring constant increased dramatically at large extensions, as in untreated nuclei, Figure S2 for example of long-extension force extension plots for PI and AluI. Error bars denote SEM. n = 4-6. *p < 0.05. studies, alterations to chromatin compaction through diseasemimicking alterations of histone modification levels determine mechanical response to small deformations and have a secondary role in the large-strain response.
Lamin A dominates the large-strain force response
Previous studies implicate lamin A/C as a major determinant of nuclear stiffness Swift et al., 2013) , but our experiments suggest that lamin A/C is not the sole generator of nuclear force resistance for small strains. We hypothesized that lamin A/C in fact is the major determinant of the force response to large deformations. To elucidate its specific role in whole nuclear mechanical response, we studied the mechanics of HeLa nuclei with altered levels of lamin A/C. We transfected HeLa cells with a short hairpin RNA (shRNA) lamin A/C knockdown (KD) construct with a green fluorescent protein (GFP) reporter (Supplemental Figure S4 , A-C, ∼80% KD). Lamin A/C knockdown did not significantly affect nuclear stiffness at small strains compared with WT or the scrambled (scr) shRNA control (WT 0.70 ± 0.06 and scr 0.67 ± 0.06 vs. LA/C KD 0.58 ± 0.05 nN/µm, p > 0.05; Figure 3 , D and E). However, depletion of lamin A/C reduced stiffness at large strains (from 0.85 to 0.54 nN/µm), resulting in a linear or even strain-thinning response, in contrast to the strain-stiffening response displayed by WT nuclei (Figures 3, D and E, and 4, A, C, and E). Although it is known that lamin A/C levels may perturb chromatin architecture (Bank and Gruenbaum, 2011) , note that lamin A/C knockdown increased euchromatin by ∼20%, but this change is much smaller than the 100-200% increase upon HDACi treatment (Supplemental Figures Marchion et al., 2005) and trichostatin A (TSA; Yoshida et al., 1990) were used to increase euchromatin levels, thus decondensing chromatin (Supplemental Figure S3 , A-C). Chromatin decompaction resulted in a decrease in mean nuclear stiffness at small extensions (from 0.60 to 0.41 nN/µm in MEF V−/− and from 0.70 to 0.47 nN/µm in HeLa) but no statistically significant change in mechanical response to larger deformations (Figure 3, A and B) .
To contrast these results with the effects of increased heterochromatin and chromatin compaction, we used the HT-29 human colon cancer cell line in unmodified form (HT-29 WT) and a clinically more aggressive form with a c-Src tyrosine kinase (CSK) knockdown (HT-29 CSK KD), which is a well-characterized cell model of heterochromatinization (Kunte et al., 2005; Stypula-Cyrus et al., 2013) . HT-29 CSK KD nuclei display overexpression of HDACs, increased levels of compact heterochromatin, and increased nuclear density relative to the HT-29 WT parental cell line (Supplemental Figure S3 , D-F; Stypula-Cyrus et al., 2013) . For these nuclei, the spring constant increased significantly for short extensions compared with HT-29 WT and moderately, but not significantly, at larger extensions ( Figure 3C , blue dots). The treatment of HT-29 CSK KD with the HDAC inhibitor VPA reduces the high level of chromatin compaction (Stypula-Cyrus et al., 2013) and results in the recovery of lower, WT-level values of the short nuclear spring constant ( Figure 3C , CSK KD VPA; Supplemental Figure S3 , D-F). Although changes in the long-extension spring constant were not significant, the general trend suggests that chromatin has a secondary role in nuclear force resistance to large strains. These data show that, consistent with our prior biochemical Table S1 . Error bars denote SEM. n = 8-30. * , **p < 0.05, with different numbers of asterisks denoting statistically significant differences.
cells via ectopic expression of GFP-lamin A (Supplemental Figure S4, D and E) . HEK293 GFP-lamin A nuclei displayed strain stiffening and reproducible stretching along with a moderately increased nuclear spring constant for short extensions ( Figures 3F and 4 , B, D, and F, and Supplemental Figure S4F ). These data demonstrate that lamin A/C is essential for strain stiffening and reproducible stretching, with a secondary role in determining the initial spring constant.
Lamin B1 depletion stiffens nuclei lacking lamin A/C To determine whether lamin B1 contributes to nuclear mechanical response, we performed nuclear stretching experiments on nuclei depleted of lamin B1. Although lamin B1 is not regarded as a contributor to mechanical response , it has been reported that the stoichiometric ratio of lamin A:B determines nuclear rigidity . In our experiments, depletion of lamin B1 in HeLa cells, which have high levels of lamin A/C, did not induce a significant change in either the short or long nuclear spring constant ( Figure 3E , purple dots), consistent with previous studies . However, depletion of lamin B1 in HEK293 cells, which have low levels of lamin A/C, resulted in an increased nuclear spring constant for long extensions (WT 0.22 ± 0.04 nN/µm vs. LB1 KD 0.45 ± 0.06 nN/µm, p < 0.05; Figure 3F ). The increased long-extension spring constant in this case resulted in linear or strain-stiffening force response, a drastic change from the majority of low-level lamin A/C HEK293 WT nuclei, which exhibited strain thinning (Figure 4 , B, D, and F). These results are consistent with micropipette aspiration data, which measured increased nuclear stiffness upon depletion of lamin B1 from proerythroblasts with low levels of lamin A/C . Thus we find that the long-extension force response, but not the short-extension response, is affected by lamin B1 levels, specifically for nuclei with low levels of lamin A.
A simple simulation model recapitulates the observations of separate chromatin-and lamin-A/C-dependent mechanical responses
To understand the mechanical response of stretched nuclei, we considered minimalistic models for cell nucleus mechanics. The nonlinear force response shown in Figures 1-4 rules out a purely linear elastic model for the nucleus. Instead, our experiments demonstrate that cell nuclei exhibit a characteristic force response composed of two regimes ( Figure 1D ). For small deformations, extension is linear in applied force and the stiffness is primarily determined by chromatin (Figures 2 and 3 , A-C). For highly stretched nuclei, the force response typically stiffens, depending on the level of lamin A/C (Figures 3, D-F, and 4) .
Thus we developed a semiquantitative two-component simulation model composed of a polymeric shell representing the lamina response but instead is a major contributor to resistance at long extensions.
To determine whether chromatin governs short-extension force response even upon loss of lamin A/C, we treated HeLa lamin A/Cknockdown cells with VPA. As expected, VPA treatment significantly decreased the short-extension nuclear spring constant in lamin A/C-depleted nuclei ( Figure 3E ). Consistent with lamin A/C depletion results in untreated cells, nuclei with lamin A/C knockdown and VPA treatment also displayed a decrease in long-extension nuclear spring constants, resulting in a loss of strain stiffening ( Figure 3E ). The separate and combined disruption of each mechanical component further confirms the differential mechanical roles of chromatingoverned short-extension and lamin A/C-governed long-extension force response.
To verify that strain stiffening is controlled by the level of lamin A/C, we measured force response in cells with inherently low levels of lamin A/C. Similar to HeLa lamin A/C knockdown, the low levels of lamin A/C in WT HEK293 nuclei result in strain thinning and plastic deformation upon stretching ( Figures 3F and 4 , B, D, and F, and Supplemental Figure S4 , D-F and H). To verify further that lamin A modulates strain stiffening, we increased levels of lamin A in HEK293 FIGURE 4: Lamin A levels control strain-stiffening response, and loss of lamin A/C can lead to strain thinning. Representative force-extension plots displaying strain-stiffening (black), linear (gray), and strain-thinning (light gray) response for (A) HeLa nuclei with high lamin A/C levels and (B) HEK293 nuclei with low lamin A/C levels, denoted as -LA/C. Percentage of events displaying each behavior for (C) HeLa and (D) HEK293 for WT and different treatments (n = 8-25). The ratio of the nuclear spring constant for long extension (>3 µm) to that for short extension was used to identify strain-stiffening (fold change >1.2), linear (0.8-1.2), and strain-thinning (<0.8) response for each nucleus. Average ratios of long-to short-extension nuclear spring constants are shown for (E) HeLa and (F) HEK293. * , **p < 0.05, with different numbers of asterisks denoting statistically significant differences.
based on experiments showing spatially correlated motions and interactions between chromatin domains (Fullwood et al., 2009; Lieberman-Aiden et al., 2009; Zidovska et al., 2013) . To capture the results of the micropipette manipulation experiments with reasonable quantitative accuracy, we use the experimentally motivated parameters given in Table 1 . Model details and parameters are described further in Methods and Materials.
First, we study the properties of the shell in the absence of the interior cross-linked polymer. Owing to its weak entropic and bending elasticity, an empty shell stretches easily when subject to small forces ( Figure 5A, green open circles) . However, consistent with the behavior of lamin networks (Panorchan et al., 2004) , the shell stiffens at large forces ( Figure 5A , green open circles) as the bonds within the shell stretch. Note that because the model shell is composed of linear springs, stiffening arises due to the geometrical effects of axially stretching a sphere. The observed response qualitatively resembles the experimental observations of nuclei treated with the chromatin-digesting enzyme MNase, which stretch easily until the lamina becomes visibly taut (Figure 2, F and H) .
To understand the mechanical role of chromatin, we next studied the properties of the model including the cross-linked polymer. Filling the shell with the cross-linked polymer increases the small-extension nuclear spring constant (by a factor of ∼10) without strongly affecting the large-extension response, as chromatin does for experimental nuclei ( Figure 5A , black solid circles). Thus together the two components comprise a basic framework for understanding the different force response regimes observed experimentally.
The model provides qualitative predictions for how alterations to the two mechanical components may affect force response. For instance, a decondensed interior polymer, modeled by relaxing the physical constraints on the polymeric subunits, results in a weaker initial spring constant, similar to measurements of nuclei with chromatin decompaction via HDAC inhibitors (Figures 5A, blue solid circles, and 3, A and B). Note that the polymer must be cross-linked to itself and the polymeric shell in order to exhibit this interiordependent behavior. This is consistent with experiments showing that chromatin tethering to the nuclear envelope is critical to robust nuclear mechanical response in yeast (Schreiner et al., 2015) .
The large-strain response is dominated by the microscopic properties of the shell, as shown by simulations with weak and stiff shell springs ( Figure 5B , purple and green solid circles, respectively). This is consistent with experiments manipulating lamin A levels ( Figures  3, D-F, and 4) . In addition, the transition between the different response regimes in the model occurs at ∼30% strain as in experimental measurements (∼10-µm nucleus transitions at 3 µm). This suggests that the geometry of axially deformed elastic shells is sufficient to explain lamin-dependent nuclear strain stiffening, although we do not rule out possible contributions from nonlinear material properties of chromatin and the lamina. Of interest, the model nucleus buckles and ruffles at large strains, similar to previous experimental observations (Dahl et al., 2005; Rowat et al., 2005 ; inset to Figure 5A ). Thus, with just two basic components-the lamin network and the chromatin interior-we can understand typical nuclear force measurements ( Figure 1D ) and a variety of biological perturbations (Figures 2-4) .
DISCUSSION
The nucleus houses and protects the genome while directing mechanotransduction throughout the cell and dictating gene organization and expression. We developed and used a technique to apply mechanical stresses to individual cell nuclei via uniform stretching and differentiated between the contributions of different nuclear FIGURE 5: Polymeric shell with polymer interior model of the nucleus exhibits the experimentally observed two-regime mechanical response. (A) A model nucleus, composed of a polymeric shell (insets, green) and a cross-linked polymer interior (insets, blue), which is physically linked to the shell, stretches, and buckles when it is uniaxially stressed by forces exerted on its polar subunits. The forceextension relation for a typical model nucleus (solid black circles) exhibits two approximately linear force-response regimes and strain stiffening. Model nuclei lacking the interior polymer are highly extensible under small strains but stiffer for large deformations (open green circles). Model nuclei with a decondensed polymer filling, modeled by softer polymeric potentials (k p = 0.32 nN/µm), exhibit a weaker response to small deformations (ΔL/L < 0.3), but stiffness (slope of the force-extension curve) is not markedly altered for large strains (solid blue circles). (B) Compared to a typical model nucleus (solid black circles), simulated nuclei with shell monomers connected by stiff springs (k = 1.6 nN/µm; solid green circles) have a stiffer force response, most notably at large extensions. Model nuclei with a polymer filling but weaker shell springs (k = 0.32 nN/µm), deform more easily than typical model nuclei, especially for large strains (solid purple circles). (Shimi et al., 2015) and a cross-linked polymer to model the chromatin interior ( Figure 5A , insets, green and blue, respectively). Because intermediate filaments have a low bending modulus and are elastically extensible (Panorchan et al., 2004; Koster et al., 2015; Mahamid et al., 2016) , we connect nodes in the polymeric shell with extensible springs with zero bending modulus. To model chromatin, the shell is filled with a cross-linked polymer, which is also physically linked to the shell. This model for chromatin is nucleus (Figure 2 , C-E) and nucleases to dramatically weaken it (Figure 2, F-J) . In addition, the loss of volume and stiffness resulting from extensive DNA digestion (Figure 2 , F-J) casts strong doubt on the existence of a non-DNA-based "nuclear matrix" (Capco et al., 1982) . Instead, this experiment indicates that chromatin itself is the major structural component of the nuclear interior, with the lamin network in the nuclear envelope acting as a flexible yet strong "bag" that is tensed and shaped by the chromatin within it. Combined with recent observations in yeast (Schreiner et al., 2015) , these results suggest that chromatin comprises a primordial structural component of the nucleus.
Previous micropipette aspiration experiments reported lamin A/C as the main mechanical component of the nucleus (Pajerowski et al., 2007) . However, we note that the aspiration of a small region of the nucleus into a pipette by the sudden application of 1-to 20-kPa pressure results in a nonuniform and high-strain measurement (strains of 1-5, or 100-500% of the initial rest length; Dahl et al., 2005; Pajerowski et al., 2007; Vaziri and Mofrad, 2007) . Thus previous aspiration experiments likely have been primarily probing the same strain-stiffening, long-extension regime described here, with the mechanical signal from chromatin masked by the strong deformation of the region of the nucleus being aspirated. Although it is clear from other reports that chromatin indeed has a viscous component (Guilak et al., 2000; de Vries et al., 2007; Schreiner et al., 2015) , our findings demonstrate that chromatin also comprises a major resistive element.
The dependence of small-strain nuclear elasticity on chromatin suggests that posttranslational modifications of histones might change overall nuclear mechanics by altering nucleosome-nucleosome interactions or chromatin higher-order structure. We observed precisely this effect, with hyperacetylation leading to softening (Figure 3, A and B) and increased heterochromatin leading to stiffening ( Figure 3C ). This indicates that chromatin modifications could play direct roles in modulating nuclear mechanics in vivo. The mechanical components. Our assay probes mechanical response at physiological forces (1-10 nN), length scales (0.1-10 µm), and strain rates (10 ; speeds of 15-50 nm/s); these are comparable to the physical conditions that a nucleus might experience during cellular processes such as nuclear migration (Luxton et al., 2010) and cell migration (Friedl et al., 2011; Wolf et al., 2013) . Through our novel studies of whole-nucleus deformations under these conditions, we found that the chromatin interior and the peripheral lamina dictate different force response regimes. These experimental findings, along with our simple physical model, provide a basic quantitative framework with which we can begin to understand the functional roles of these two mechanical components of the nucleus.
Chromatin governs resistance to small nuclear deformations
Prior studies emphasized the importance of lamin A in nuclear mechanics. However, not all eukaryotes or cells express lamin A. Studies modulating chromatin indirectly through alterations in divalent ion concentrations suggested a limited mechanical role for chromatin in physiological contexts (Dahl et al., 2005; Pajerowski et al., 2007) . These and other micropipette aspiration studies hypothesized, but did not test, that chromatin only contributes to severe deformations by resisting extreme chromatin compression (>70%) in the nucleus region aspirated into the pipette (Dahl et al., 2005; Rowat et al., 2006) . This hypothesis, in part, was speculatively based on a simple comparison of the nuclear pressure-strain relation to the force-extension curve of a single chromatin fiber (Pajerowski et al., 2007) .
In contrast, by using whole-nucleus deformations that mimic in vivo strains and strain rates, we find that chromatin is a major component of nuclear force response, responsible for resisting small deformations. Our evidence for this includes observations of dramatic mechanical and structural changes associated with the introduction of direct DNA modifications via intercalating dyes to stiffen the 
From nuclear mechanics to nuclear function
The finding that chromatin and lamin A/C dictate different force response regimes provides insights into nuclear function and its aberrant behavior in disease. For example, increased incorporation of mutant lamin A/C in the laminopathy progeria alters the stability of the lamina (Butin-Israeli et al., 2012; Isermann and Lammerding, 2013) . This mechanical alteration could play a role in the manifestations of laminopathies in muscle cells, which live in a mechanically demanding environment and likely undergo large deformations. Lamin perturbations are also relevant to some cancers, in which lamins are up-or down-regulated in a cell type-and cancer-dependent manner. This has been hypothesized to be linked to lamin A/C function. The evidence for this is that increased lamin A/C promotes survival, whereas decreased lamin A/C promotes motility (Rowat et al., 2013; Harada et al., 2014) . Thus circulating tumor cells in the blood stream would benefit from higher levels of lamin A/C, which may help resist large shear stresses (Mitchell et al., 2015) . On the other hand, prostate and ovarian cancers are more malignant and exhibit increased motility and invasion of surrounding tissue, which could be due to their decreased levels of lamin A/C (Gong et al., 2015; Saarinen et al., 2015) . Our findings may thus clarify why different lamin A/C levels are associated with varying disease phenotypes.
Chromatin is also altered in laminopathies and cancers, and its role in determining short deformations (<3 µm) points specifically to a different set of mechanical and morphological phenomena. Nuclear distortions termed blebs occur in many laminopathies and have long been used as an indicator for cancer (Butin-Israeli et al., 2012) . Despite their prevalence and diagnostic utility, it remains unclear how or why nuclear blebs form. Although these malformations are often attributed to mutant lamin A/C or altered lamin expression levels inducing the separation of the lamin A/C and B networks (Wren et al., 2012; Funkhouser et al., 2013) , alternative hypotheses are that blebs form due to increased euchromatin (Shumaker et al., 2006) , decreased chromatin tethering (Schreiner et al., 2015) , and/ or chromatin plasticity (Pajerowski et al., 2007) . Indeed, our nuclear mechanics experiments revealing the dominance of chromatin in the small-deformation force response suggest that aberrant chromatin organization could perturb nuclear morphology. This is supported by recent results demonstrating that decondensation of chromatin by overexpression of HMGN5 induces nuclear blebbing (Furusawa et al., 2015) . The finding that chromatin and lamin differentially regulate two regimes of mechanical response therefore sets the table for investigating how alterations to each individual component affect nuclear mechanics and influence important cellular behaviors in disease.
MATERIALS AND METHODS
Cell growth
HeLa, BJ-5ta, HEK293, and immortalized MEF WT vimentin-null (V−/−) cells were grown in 60-mm dishes (Corning) in DMEM (Corning) with phenol red, 0.1 mg/ml penicillin streptomycin (Corning), and 10% FBS (HyClone) at 37°C and 5% CO 2 . HT-29 cells were grown in McCoy's medium (Life Technologies) at 37°C and 5% CO 2 . HT-29 CSK KD cells were maintained in McCoy's medium supplemented with G418 (Corning) at 1 mg/ml. The ionic composition of this medium is ∼1-2 mM Ca 2+ , 1 mM Mg 2+ , 5 mM K + , and ∼150 mM Na + .
Nucleus extraction
Cells were passaged from 80-90% confluent 60-mm dishes and diluted 1:10 to 1:40 into microscope slide wells built of rubber rings coated in paraffin wax. Cells were grown in wells for 2-3 d before dominance of chromatin in the small-strain regime suggests that chromatin and its compaction state directly dictate nuclear mechanical response for many cells, which typically are subject to small strains in physiological scenarios. Our findings raise further questions about the emergent biophysical properties of the genome and its organization. For instance, we find it likely that higher-order chromatin organization, such as chromosome domains (Lieberman-Aiden et al., 2009) , lamin-associated domains (Guelen et al., 2008) , and higher-order loops (Denker and de Laat, 2016) , contribute to chromatin's function as a structural and mechanical component of the nucleus (Bustin and Misteli, 2016) . Thus major known chromatin proteins that establish and maintain the three-dimensional genome and/or determine the mechanical properties of chromosomes, such as CTCF, cohesin, condensin, and topoisomerase, could have similar roles in nuclear mechanical response. This hypothesis merits further investigation into the roles of these proteins in interphase nucleus mechanics.
Lamin A provides robust mechanical response to large nuclear deformations
Although chromatin provides the restoring force for small nuclear deformations, we find that lamin A/C is responsible for nuclear strain stiffening at larger deformations (Figures 3, D-F, and 4) . This is consistent with its role in cell migration, in which nuclei incur large deformations (Rowat et al., 2013; Harada et al., 2014) . Both experimental (MNase) and simulation (shell only) results suggest that this contribution to the long regime is largely due to geometry and delayed lamin engagement (Figures 2 and 5 ). Of importance, we find that lamins are fully engaged at ∼30% strain, so that the resulting stiffening helps protect nuclei from entering the very large strain regime in which they might suffer nuclear ruptures or other types of permanent damage (Le Berre et al., 2012; Harada et al., 2014; Denais et al., 2016) . For example, it was recently observed that the lamina halts nuclear spreading once sufficiently stretched .
Our results are also consistent with the increase in stoichiometric ratio of lamin A to lamin B in cells living in mechanically active or stiff environments . Previous measurement techniques reported a twofold increase in nuclear stiffness upon expression of lamin A/C Pajerowski et al., 2007) . This increase can be accounted for by the lamin-A-dependent strain stiffening we report (1.5-to 2.5-fold; Figures 1F and 4) . Lamin B1 plays a secondary role in governing long-extension mechanics, in that its depletion does not alter the mechanical response of nuclei with high levels of lamin A/C ( Figure 3E ; Lammerding et al., 2006) but stiffens nuclei lacking lamin A/C ( Figure 3F ; Shin et al., 2013) . Thus our findings are in line with past mechanics measurements and provide the additional insight that lamin A/C specifically controls the mechanics of the cell nucleus at large deformations.
Outlook for nuclear mechanical response experiments
Our mechanical measurements were mainly carried out in the extracellular medium, after removal of the nucleus from the cell. This change in environment does not appear to strongly perturb nuclear force response, as we observed similar mechanical response for nuclei inside living cells ( Figure 1E ). However, those in vivo experiments are experimentally far more challenging, requiring that most of our experiments, especially those at higher forces that probe nuclear envelope elasticity, be carried out outside the cell. It would be interesting to study the mechanics of isolated nuclei in an artificial in vivo-like medium, for example, made using cytoplasmic or nuclear extracts in order to examine in detail what aspects of nuclear force response depend on the in vivo environment. 10 or 15 µm and then returning the same distance in order to generate 6-to 10-µm nucleus extension. Long nucleus extensions provided the ability to measure both a short-extension (<3 µm) and a longextension (>3 µm) nuclear spring constant. Deflection of the calibrated force pipette accounts for the difference between the distance the pull pipette moved and the extension of the nucleus (pull pipette displacement = nucleus extension + force pipette defection). During extension of the nucleus, the computer program tracked and recorded the positions of both pipettes via contrast correlation. A data and beginning image file were saved for each experimental stretch. All nuclei were stretched at least three times.
Force measurements were analyzed with Excel (Microsoft). The position of the "force" pipette multiplied by its premeasured spring constant provided force data for each time point relative to nucleus extension, the latter being simply the distance between the two pipettes. Excel was used to graph force versus extension and then draw a best-fit linear slope to obtain the spring constant of the nucleus. Nuclear extension of 3 µm separated short-extension (<3 µm) and long-extension (>3 µm) spring constants.
Nucleus spray treatment
A third pipette was cut with a large opening of 5-7 µm and then loaded with a desired biochemical solution by vacuum filling the tip with ∼20-50 µl. A pen was used to mark the position of the loaded biochemical solution to track movement in the pipette. The rest of the micropipette was filled with water, with an air bubble used to separate the biochemical solution and the water, which aided expelling the solution onto a nucleus. The third micropipette was then loaded into a pipette holder and manual manipulator set 90° (perpendicular) to the micromechanically controlled micropipettes. The isolated nucleus was stretched twice before spray biochemical treatment. After treatment, the nucleus was stretched twice to provide posttreatment force measurements. The water gravity well was raised to expel the biochemical solution onto the isolated nucleus.
Treatments were as follows: 10 mM MgCl 2 was sprayed continually during chromatin compaction measurements. After the spray was turned off, nuclei were measured every 5 min to determine whether the nucleus would return to prespray mechanical strength. Propidium iodide at 1 µg/ml was sprayed onto an isolated nucleus for 30 s and then stretched. The nucleus was imaged after force measurements to confirm PI binding. Restriction endonuclease AluI at 1 U/µl (New England Biolabs) was sprayed for 5 min to cut the DNA every few kilobases in between nucleosomes (Polach et al., 2000) . MNase at 1 U/µL was sprayed for 30 s to 1 min to cause extensive cutting of the DNA in the nucleus.
HDACi treatment
Cells were treated with either 1 µM VPA or 100 nM TSA for 16-24 h to accumulate decondensed euchromatin. For validations, see Supplemental Figure S3 .
Transfection/lamin modulation
HeLa cells were transiently transfected with a plasmid expressing a shRNA to silence lamin A/C expression (Kojima et al., 2004; Shimi et al., 2008) or a scrambled shRNA plasmid with a reporter GFP using HeLa Monster transfection reagent (Mirus). Three days after transfection, cells were trypsinized and then replated in microscope slide wells at a dilution of 1:20-1:40. Five days posttransfection, individual nuclei from cells expressing the reporter GFP were extracted and measured for mechanical response using micromanipulation. Lamin A/C levels were knocked down ∼80% as determined experiments. Cells were treated with 1 µg/ml latrunculin A (Enzo Life Sciences) for ∼45 min before single-nucleus isolation. The medium was removed and replaced with fresh prewarmed medium after treatment. MEF V−/− (Mendez et al., 2010) nuclei have a disrupted cytoskeleton, making it possible to isolate nuclei without latrunculin A treatment. MEF V−/− cells served as an important control allowing comparison of different isolation techniques ( Figure 1G ).
Nucleus isolation was adapted from previous techniques to isolate newt or human chromosomes (Poirier et al., 2000; Kawamura et al., 2010) . Microscope coverslip wells were mounted onto the IX-70 Olympus wide-field microscope using a 60× oil 1.4 numerical aperture (NA) Olympus objective for phase imaging with a Pelco DSP black and white charge-coupled device (CCD) camera. Micropipettes were pulled by a Suter Instruments Flaming/Brown micropipette puller. Tapered pipettes were cut to create a diameter opening of 3-3.5 µm. Pipettes were loaded using a vacuum to fill the tip, and then the body was filled with a syringe. Pipettes were filled with either 0.05% Triton X-100 in phosphate-buffered saline (PBS; Lonza) for nucleus isolation or PBS only if the pipette was used to hold the nucleus. Pipettes were loaded into pipette holders and attached to micromanipulators (Sutter Instruments MP-285). An "isolation" pipette loaded with mild detergent, 0.05% Triton X-100 in PBS, was loaded opposite to the "pull" pipette. Gravity-well water sources attached to the pipette holders were used to expel or suck in liquid to the pipettes. Nuclei were isolated from living cells in the cell culture media in which the cells were grown at 24 or 37°C (see Supplemental Figure S1K ). Cell membranes were lysed using a gentle expel of 0.05% Triton X-100 in PBS ( Figure 1A) . The "pull" pipette then captured the isolated nucleus and removed it from the cell by sucking in a small amount of liquid and 10-20% of the nucleus. Nonspecific binding occurred between the nucleus and the micropipette to create a seal. The spray pipette was then changed for a calibrated "force" pipette. The "force" pipette was attached to the opposite end of the nucleus and aligned in preparation for force measurement.
Nucleus force versus extension measurements
The method for making force measurements of single isolated nuclei by micromanipulation was adapted from the procedure developed for isolated chromosomes (Poirier et al., 2000) . Force-measuring pipettes were precalibrated before use in experiments using the calibration method described in Poirier et al. (2000) . These pipettes were made from thin-wall micropipettes with filament (World Precision Instruments) and pulled with a longer taper than other micropipettes. Force pipettes were cut to have an opening of 3-3.5 µm, which corresponds to spring constants of 1.4-2.1 nN/µm. This range of pipette diameters did not alter measured nuclear spring constants within the sensitivity of the measurement, whereas the use of smaller or larger pipettes significantly altered both the amount of nucleus captured by the pipette and the measured nuclear spring constant. Spring constants were measured by having a micropipette with a known spring constant push a micropipette with an unknown spring constant. The known pipette was set to push the unknown pipette a set distance (6 µm). The two pipettes moved the same distance while in contact (X equal ). At this point, the unknown pipette was removed; the known one then relaxed to a larger, zero-force position (X total ). The unknown force-pipette spring constant follows as F unknown = (F known /X equal )(X total -X equal ).
Extension and tracking of both the "pull" and the "force" pipettes was accomplished using a computer program written in LabView (National Instruments). The "pull" pipette was moved 5 µm and then returned in order to generate short nucleus extension of ∼3-4 µm. Long nucleus extensions were performed by moving the pull pipette by immunofluorescence in nuclei of cells expressing GFP from the lamin A/C shRNA plasmid (Supplemental Figure S4B) . Lamin B1 was depleted to ∼80% via a shRNA reporter plasmid in a similar manner (Supplemental Figure S4G) . HEK293 WT parent and stable HEK293 cell lines overexpressing GFP-lamin A (Butin-Israeli et al., 2011) were grown and measured in parallel. HEK293 WT cells have effectively knockdown levels or decreased levels of lamin A/C compared with HeLa or HEK293 GFP-LA, which have similar levels of lamin A (Supplemental Figure S4 , D and E).
Immunofluorescence
Cells were seeded on cover glasses in six-well plates to reach confluence in 3 d. Upon reaching 80-90% confluence, cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) in PBS for 15 min at room temperature. Cells were then washed three times for 10 min each with PBS. Cells were then permeabilized with 0.1% Triton X-100 (US Biological) in PBS for 15 min. Cells were then washed with 0.06% Tween 20 (US Biological) in PBS for 5 min, followed by two more washes in PBS for 5 min each at room temperature. Cells were then blocked for 1 h at room temperature using 10% goat serum (Sigma-Aldrich) in PBS. Primary antibodies were diluted in blocking solution (10% goat serum in PBS) for lamin A/C 5G4 (Butin-Israeli et al., 2015) at 1:10,000 (Goldman lab), lamin A/C at 1:10,000 (Active Motif), lamin B1 at 1:1000 (ab16048, Abcam), H3K9me
2-3 at 1:100 (6F12; Cell Signaling), and H3K9ac at 1:600 (C5B11; Cell Signaling). Primary antibodies were incubated with fixed cells overnight at 4°C in the dark. Cells were washed with PBS three times for 5 min each. Next cells were incubated with fluorescent secondary antibody anti-mouse or antirabbit Alexa 488 or 594 (2 mg/ml; Life Technologies) at 1:600 for 1 h at room temperature in the dark. Cells were first washed with 1 µg/ml Hoechst 33342 (Life Technologies) in PBS for 5 min and then washed three more times with PBS. Finally, cover slides were mounted onto microscope slides using ProLong Gold antifade reagent (Life Technologies) and allowed to dry for 2 h or overnight at room temperature.
Imaging and analysis
Immunofluorescence images were acquired with an IX-70 Olympus wide-field microscope using a 60× oil 1.4 NA Olympus objective with an Andor iXon3 electron-multiplying CCD camera using MetaMorph. Exposure times for 4′,6-diamidino-2-phenylindole, rhodamine, and fluorescein isothiocyanate were between 50 and 400 ms. Images were saved with MetaMorph and transferred to ImageJ for analysis. Nuclei were selected by ImageJ threshold or drawn by hand around Hoechst fluorescence if nuclei were too close. Background fluorescence was quantified by highlighting a 30 × 30 pixel area with no cells. Intensity values were acquired and moved into Excel. In Excel, all intensities were background subtracted. For shRNA-knockdown experiments and HEK293 GFP-LA ectopic expression, the fluorescence intensities of nuclei were normalized for each field of view to cells not expressing the GFP reporter or GFP-LA <1.25-fold average intensity compared with background. When comparing WT to mutants in HT-29 cells, the signal intensities for nuclei were normalized for Hoechst. Relative intensities were reported as fold intensity relative to WT or untreated nuclei.
Western blots
Cells were grown to 90% confluency on 10-cm dishes and then lysed using RIPA Lysis Buffer Complete (Santa Cruz Biotechnology) and tumbled for 30 min at 4C°. Protein extracts were separated from cell debris via centrifugation at 12,000 rpm for 15 min in a microfuge. Protein concentrations of cell extracts were measured using the Pierce 660-nm protein assay (Thermo Scientific) and recorded. Equal amounts of sample buffer were added to the protein extracts, followed by heating to 95°C for 5 min before storage at −20°C. A 30-µg protein extract of each condition was run in triplicate on a 4-20% gradient SDS-PAGE gel (Lonza) at 100 V. Protein samples were transferred to 0.2-µm-pore nitrocellulose (Life Sciences) at 100 V in a mini-PROTEAN apparatus (Bio-Rad) for 2 h in a 4°C room with additional ice cooling. The nitrocellulose membrane was washed in blocking buffer (5% bovine serum albumin [BSA] in Tris-buffered saline and Tween 20 [TBST; Fisher]) three times for 5 min and then incubated at room temperature for 1 h. The blot was probed with anti-H3K9ac (C5B11; Cell Signaling) at 1:1000 or lamin A/C (5G4; Goldman lab) at 1:5000 and anti-β-actin (926-42212; Li-Cor) diluted 1:4000 as a loading control overnight with agitation at 4°C in 5% BSA in TBST. The next day, the membrane was washed in blocking buffer three times for 5 min. Secondary horseradish peroxidase-linked antibodies (anti-mouse, 7076; Cell Signaling; anti-rabbit, 31464; Thermo Scientific) were diluted to 1:2000 in 5% BSA in TBST and incubated at room temperature for 1 h. The membrane was washed five times for 5 min each in TBST before imaging. Images were analyzed in ImageJ using Analyze Gels features. The H3K9ac signal was normalized to the β-actin loading control signal.
Simulations
Brownian dynamics simulations (Allen and Tildesley, 1989) were performed with custom-written C++ code. One thousand subunits (N = 1000) of diameter 0.7 µm were initially randomly placed on the surface of a sphere of radius R = 5 µm and linked to at least z = 4 of the nearest neighbors (<z> ≈ 4.5) by harmonic springs with stiffness k (k = 0.8 nN/µm in typical simulations) and rest length equal to the initial length (mean length (4πR 2 /N) 1/2 ≈ 0.6 µm). Shell subunits repelled each other by excluded-volume interactions, modeled as a harmonic potential with spring constant k exc = k. A randomly configured polymer composed of N p = 552 subunits connected by springs with stiffness k p = 1.6 nN/µm (in typical simulations) was placed inside the shell (packing fraction ≈ 10%). All polymer subunits repelled each other by excluded-volume interactions, modeled by a harmonic spring potential with stiffness k exc,p = k p ; this parameter was chosen to maintain excluded-volume interactions between subunits and does not quantitatively alter simulation results for k exc,p > 0.1 nN/µm and does not qualitatively alter simulation results for smaller values of k exc . Excluded-volume interactions between polymeric and shell subunits were modeled by a spring with constant k exc,inter = k exc k exc,p /(k exc + k exc,p ). A total of 2N c = 110 (∼20%) subunits in the polymer were cross-linked to another subunit that resided at least 4 subunits away along the polymer contour by springs with stiffness k c = k p . Finally, N s = 40 subunits in the polymer near the surface were linked to the shell by springs with stiffness k s = k p . Simulation parameters are listed in Table 1 .
Subunits were subject to stochastic thermal forces, and the system was evolved using the coupled Langevin equations for the described interactions with time step Δt = 0.0005 for >10 7 steps. For stretching simulations, the closest 100 monomers to each of the two opposite poles were pulled outward along the axis at a constant force, F. The reported strains are averages after relaxation of at least eight different random configurations. The qualitative model behavior is robust to moderate parameter changes; for instance, the qualitative behavior described in the Results is present in each curve presented in Figure 5 .
